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SyntaxinDespite the important functions of protein transmembrane domains, their structure and dynamics are often
scarcely known. The SNARE proteins VAMP/synaptobrevin and syntaxin 1 are implicated in membrane fusion.
Using different spectroscopic approaches we observed a marked sensitivity of their transmembrane domain
structure in regard to the lipid/peptide ratio. In the dilute condition, peptides corresponding to the complete
transmembrane domain fold into anα-helix inserted at ∼35° to the normal of themembranes, an observation in
line with molecular simulations. Upon an increase in the peptide/lipid ratio, the peptides readily exhibited
transition to β-sheet structure. Moreover, the insertion angle of these β-sheets increased to 54° and was
accompanied by a derangement of lipid acyl chains. For both proteins the transition from α-helix to β-sheet was
reversible under certain conditions by increasing the peptide/lipid ratio. This phenomenon was observed in
differentmodel systems includingmultibilayers and small unilamellar vesicles. In addition, differences in peptide
structure and transitions were observed when using distinct lipids (DMPC, DPPC or DOPC) thus indicating
parameters inﬂuencing transmembrane domain structure and conversion from helices to sheets. The putative
functional consequences of this unprecedented dynamic behavior of a transmembrane domain are discussed.© 2009 Elsevier B.V. All rights reserved.1. IntroductionMembrane proteins exert numerous biologically important func-
tions. Due to their very nature and thehydrophobic environmentof their
membrane domains, knowledge on membrane protein structure is still
relatively scarce despite their functional relevance. For example, a set of
evolutionarily conserved membrane proteins plays a major role within
cells during the fusion of proteolipid membranes, a process that forms
the base of events such as neurotransmission, hormone secretion,
intracellular vesicular transport or membrane repair. The role of these
so-called SNARE proteins is demonstrated by a wealth of genetic,
electrophysiological, biochemical and structural evidences [1]. The
single-span integral membrane proteins VAMP/synaptobrevin, residing
in vesicle membranes, and syntaxin 1 in the plasma membrane, as well
as the peripheral plasma membrane protein SNAP25 form a stable
ternary “trans-complex” through their cytosolic domains thus bridging
the two membranes. These SNARE proteins may constitute a minimal
membrane fusionmachinery [2] and the crystal and solvent structure of
the cytosolic core complex have been resolved [3].33607 PESSAC-CEDEX, France.
upervision of RO and BD.
of ML.
ll rights reserved.More recent observations indicate that not only the cytosolic, soluble
portions of SNARE proteins, but also the transmembrane domains may
play a role in fusion [4,5]. In contrast to the cytosolic parts, the
conﬁguration of transmembrane domains has only recently been
addressed due to the inherent difﬁculties in determining membrane-
embedded structures. Currently divergent observations of the structural
characteristics of the SNAREprotein transmembranedomains have been
reported and moreover their potential dynamics are still unknown. We
have therefore investigated the structure and orientation of the non-
modiﬁed transmembrane domain of the SNARE proteins VAMP1 and
syntaxin1 invarious environmentsusing infraredandcirculardichroism
spectroscopy. The data obtained were compared to the results of
molecular dynamics modeling. Our observations indicate an unprece-
dented dynamic and reversible switch between α-helical and β-sheet
structure for the transmembrane domains of VAMP1 and of syntaxin 1
depending on the peptide to lipid ratio. The differential and concentra-
tion dependent effect on peptide conformation and lipid membrane
arrangement might be of biological relevance.
2. Materials and methods
2.1. Materials and reagents
The transmembrane segment of VAMP protein, VAMPTM22,
(MMIMLGAICAIIVVVIVIYFFT) was purchased from Comipso A.S.
(Bordeaux, France) .The peptide was puriﬁed by sequential
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analysis and mass-spectrometry by MALDI-TOF and contained no
dimers. The sequence corresponds to amino acids 97 to 118 of mouse
or human synaptobrevin 1/VAMP1 (human CAA88760; mouse,
Q62442). Studies by spectroscopic methods (FTIR/Fourier Transform
Infrared, Raman spectroscopy) of VAMPTM22 in solid state or in
1,1,1,3,3,3-hexaﬂuoroisopropanol (HFIP), one of the rare solvents in
which the peptide was soluble, revealed the presence mainly of
amide bands characteristic of anti-parallel β sheets (see Supplemen-
tary Fig. 1). Anti-parallel β sheets as secondary structure were also
observed when a monomolecular ﬁlm of VAMPTM22 was deposited at
the air/water interface. The presence of a band at 2576 cm−1,
characteristic for free cysteine sulfhydryls, indicated that the peptide
is not covalently aggregated. The transmembrane segment of
syntaxin 1 (IMIIICCVILGIIIASTIGGIFA), named SYNTM23, was synthe-
sized in-house (Applied Biosystems Synthesizer 433A , PE Biosystem,
Courtaboeuf, France) and puriﬁed by several rounds of precipitation
in butanol. HPLC could not be used for puriﬁcation as the peptide was
very hydrophobic and only soluble in HFIP. However, spectrometry by
MALDI-TOF evidenced a high degree of purity and the only
observable side product was the incomplete peptide of 22 amino
acids. In its solid state or in HFIP it contained mainly β-sheets
and some α-helices as determined by FTIR (see Supplementary
Fig. 1). The transmembrane domain of neu/Erb (EQRASPVT-
FIIATVVGVLLFLILVVVVGILIKRRR) was generously donated by Dr. E.
Dufourc [6]. 1,2-dimyristoyl-sn-glycero-3-phophatidylcholine (DMPC,
CAS 8194-24-6), 1,2-dioleoyl-sn-Glycero-3-Phosphocholine (DOPC,
CAS 4235-95-4) and 1,2-dipalmitoylglycerol-3-phosphorylcholine
(DPPC, CAS 18656-38-7) were obtained from Avanti Polar Lipids
(Birmingham, AL) and Sigma-Aldrich Co., respectively.
2.2. Preparation of protein–lipid vesicles, multibilayers and monolayers
Stock solutions of phospholipids in chloroform were mixed with
peptides (in hexaﬂuoroisopropanol). Solvents were removed by
rotary evaporation vacuum pumping and bidistilled water was added
except for IR measurement, where D2O was used. The pH was
corrected to 7.5 taking into account the difference in auto-ionization
[7]. To obtain small unilamellar vesicles (SUV) the peptide/lipid
mixture was hydrated to form 0.2 % solution and sonicated (Vibracel
75022, Pmax=130 W) during 30 min (60% of energy, 6 pulses per
10 s). The diameter (∼40 nm) and monodispersity of the SUV were
controlled by dynamic light scattering while being kept at the
temperature beyond gel-liquid transition, performed with CGS-3
(ALV-GmbH, Malvern) using volume weighted cumulates ﬁtting
algorithms. Multibilayers used for ATR spectroscopy were obtained
by shearing a pure lipid or mixed VAMPTM22/lipid gels at a diamond
or germanium crystal surface (Golden Gate, Eurolabo, France) with a
Teﬂon™ stick [8]. The gel was obtained by rehydration of the pure
lipid mixture or VAMPTM22/DOPC mixture with D2O buffer after
solvent evaporation. In the case of dilution, lipids were directly
added as powder without additional D2O to the lipid/peptide
mixture, followed by vortexing and direct mechanical stirring for
10 min.
Hydration ratios were higher than 40%. The amount of H2O was
maintained below 4% to reduce the signal of the deformation band at
1650 cm−1 and orientation of the bilayers was checked by the dichroic
ratio R value (see Results) of lipids as values below 2 indicate the
presence of a non-oriented system. Peptide/lipid ratios are given as
nominal values. Spectra of multilayers containing SYNTM23 were
obtained in a similar fashion except that germanium crystals instead
of diamonds were employed. Due to a shorter evanescent wave the
latter provides a higher resolution but yields lower absorbance values.
This approach results in a shorter penetration depth of the evanescent
wave, permits recording from thinner layers without interference
from the Teﬂon and thus consumes less peptide.2.3. Infrared measurements and circular dichroism spectroscopy
Solid-state peptide spectra were recorded at room temperature
using an IR microscope Nic-Plan (ThermoOptek, France) coupled to a
Nicolet Magna 560 spectrometer (4 cm−1 resolution, one level of
zero-feeling). A Nexus 870 interferometer (600 scans, 8 cm−1
resolution, two levels of zero-feeling) was used for the spectra of
vesicles in solution. The ATR spectra were recorded with a Magna 560
equipped with an MCT detector and a diamond Golden Gate Cell
(Specac, Orpington, UK). Each spectrum represents the average of 300
scans (4 cm−1 resolution, one level of zero-ﬁlling). As the ATR signal is
sensitive to the orientation of the structures [9], the spectra of
multibilayers were recorded with a parallel (p) and perpendicular (s)
polarization of the incident light in respect to the ATR plate. The ratio
of the signals of two polarizations was used to calculate the
orientation of a given band [9,10] by a software based on Abélès'
matricial formalism that had been developed in our laboratory and
contains two modules, one for the determination of the optical
constant and a second one to simulate the infrared spectra of
multilayer systems [11,12]. The ﬁrst module evaluates the anisotropic
optical constants of the ultrathin ﬁlms in the space coordinate system
from experimental FTIR. The second module, calculates the ATR–IR
spectra from anisotropic optical constants versus the tilt angle of the
peptide structure. This approach had been applied previously [13]. The
decomposition of the amide I band in single components character-
istic of each secondary structure has been calculated using GRAMS V.5
software (Galactic Software). UV–vis absorption and circular dichro-
ism measurements were performed on a Jobin-Yvon CD6-SPEX
circular dichrograph at 35 °C. Signals from lipids and/or solvents
were subtracted and the spectra were deconvoluted (CDPRO soft-
ware). Note that D2O was used in the case of ATR and IR spectra, but
H2O for CD or PMIRRAS spectra.
2.4. Modeling
Lipid membranes were built in CHARMM by extracting the lipid
from the all-atom CHARMM force ﬁeld [14] and initial coordinates of
the lipid bilayer were constructed using themethodology suggested in
the CHARMM support documents [15]. Each lipid leaﬂet contained 30
lipids, with the fatty acid chains of both leaﬂets pointing towards each
other in the center of the simulation cell. Each leaﬂet was hydrated by
an approximately 25 Å layer of water modeled by a TIP3P potential
[16].The dimensions of the simulation box were set at
41.5 Å×39.5 Å×73.6 Å. The x and y dimensions of the box were
based on previous simulations of bilayers. At this box size, the lipid
density is 63.6 Å2/lipid. After construction, an energy minimization
and equilibration simulations of DMPC bilayer were carried out for
2 ns in NVT conditions (at constant volume and temperature) and for
2 ns in NPT conditions (at constant pressure and temperature). To
simulate VAMPTM22 in a lipid bilayer (in an α-helical conformation)
one peptide was embedded in this pre-equilibrated lipid bilayer
consisting of 60 molecules of DMPC (30 per leaﬂet) in a rectangular
box of 1859 water molecules. The peptide was localized in the lipid
bilayer center with the long axis parallel to the bilayer normal.
Molecular dynamics simulations for VAMPTM22 alone in octanol and in
water were run using DISCOVER with a group-based cutoff of 1.3 nm
and NPT conditions (1 b and 300K). For VAMPTM22 in the DMPC
system, simulations were carried out using NAMD in periodic
boundary conditions ﬁrst with constant volume and temperature
(NVT, 300K) for 2 ns, followed by constant pressure (1 b) and
temperature (300K, NPT) for 16 ns (total=18 ns). Force ﬁelds were
used as given by CHARMM v. 27 and modiﬁed TIP3P water model.
Simulations were run using the Particle Mesh Ewald (PME) algorithm
for electrostatic interactions (0.1 nm grid) and an atom-pair cutoff of
1 nm for Van der Waal's interactions. The peptide simulated
trajectories were analyzed ﬁrst by calculating the distances between
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of residues i+3, i+4 and i+5. Depending on which of these three
distances is similar to the length of an H-bond, we can infer whether
the strand conformation is a 310 helix (i− i+3), an α-helix (i− i+4)
or п-helix (i− i+5). Subsequently we followed the evolution of the
angle between the helix and the Z axis.
3. Results
3.1. Reversible conformational changes of VAMPTM22 in planar lipid layers
Studies were ﬁrst conducted on the synthetic peptide although the
absence of polar (cytosolic) domains precludes any information on
the direction of insertion such as the position of the N- and C-termini.
The sequence chosen, termed VAMPTM22 (seeMaterials andmethods),
contains only the hydrophobic residues of VAMP1 but not the adjacent
(cytosolic) amino acids such as lysine or arginine that carry positive
charges at physiological pH. Thus the peptide is hydrophobic and not
amphipathic. The structure and the orientation of VAMPTM22
incorporated in dioleyl-phosphatidylcholine (DOPC) as well as
dimyristyl-phosphatidylcholine (DMPC) lipid multibilayers was
investigated by ATR (attenuated total reﬂectance) IR spectroscopy.
These lipidmultilayers can be oriented at the surface of the ATR crystal
by shearing and thus provide information not only on the structure
but also on the orientation of peptides in the multibilayers. In
addition, the use of multibilayers enhances the signal allowing us to
examine a large range of peptide/lipid ratios.
To study the behavior of VAMPTM22 in a lipid environment, we used
peptide/lipid ratios that resemble those found on synaptic vesicles
[17,18] and are in the range values often used to determine the
structural content of transmembrane domains [13,19–21]. At the
nominal molecular ratio of 1/200 (peptides/DOPC) the main amide I
band of VAMPTM22was centered at 1653 cm−1 in ATR spectra (Fig.1A).
This indicated that the peptides folded mainly as α-helices within the
lipid multibilayer at this ratio. As the peptide/lipid ratio was raised, aFig. 1. Concentration-dependant conformation of the transmembrane domain of VAMP, VAM
of 1/200 (A), 1/100 (B) or 1/50 (C); p polarizations (p, continuous line) and s polarizations
(continuous line) were subsequently diluted in situ to a 1/200 peptide/lipid ratio (dotted line
multiplied by 4. E: relative percentages of main structures at different peptide/lipid ratios.progressive increase of amide I/I′ bands around 1629/1695 cm−1 was
observed (Fig. 1B, C), characteristic of anti-parallel β-sheets [22–25]
although this interpretation has been questioned recently [26]. At the
highest ratio tested (1/50 peptide/lipids), the bands at 1629 cm−1 and
1695 cm−1 were predominant (Fig. 1C). This reﬂects a transition from
α-helices to anti-parallel β-sheets induced by raising the peptide
concentration. We did not detect a band at 1670 cm−1 (characteristic
of β turns), indicating that these β-sheets consisted of multiple
peptides rather than a single peptide containing a turn.
It is well known that once formed these β-sheets are usually
extremely stable. To investigate a potential reversibility of the peptide
structure transition, experiments on the ATR crystal were performed.
Initially we recorded a spectrum of oriented DOPC multibilayers on
the ATR crystal containing VAMPTM22 at a ratio of 1/50 (Fig. 1D, solid
line). The spectrum of the 1/50 VAMPTM22/DOPC sample is char-
acteristic for anti-parallel β-sheets with its main amide I band at
1630 cm−1. Next, pure DOPC was added in situ on the crystal to
obtain the 1/200 peptide/lipid ratio. Spectra were again recorded and
an amide I contribution at 1653 cm−1 appeared that characterizes the
presence of α-helices (Fig. 1D, solid line; note that for better
comparison, the intensities of the lower peptide concentration, i.e.
1/200 ratio, were multiplied by 4).
In order to exclude any potential artifact from lipid/peptide mixing
on the ATR crystal, we performed a second type of experiment. Instead
of adding additional lipids to dilute the peptide/lipid mixture in situ, a
mixture prepared at a peptide/lipid ratio of 1/50 was divided into two
aliquots, one of them applied to the crystal and spectra recorded.
Subsequently, the second half of the sample was diluted with lipids to
a peptide/lipid ratio of 1/200 and mixed before reading it on the
crystal. The spectra obtained at the 1/50 peptide/lipid ratio showed
again that the majority of VAMPTM22 folded to anti-parallel β-sheets
(helix/sheet ratio of ∼1/80). After dilution to a 1/200 peptide/lipid
ratio the helix-to-sheet ratio increased about forty fold to 1/1.8
indicating that a large amount of VAMPTM22 recovered the α-helical
structure. Moreover, the intensity of the α-helix band increased by aPTM22. ATR–IR spectra of VAMPTM22 in a lipid multibilayer (DOPC) at a peptide/lipid ratio
(s, dotted line) are given. D: ATR–IR spectra of multibilayers at 1/50 peptide/lipid ratio
). For better comparison, the absorbance of the lower peptide concentration (1/200) was
F and G: spectra of CH2 bands at different peptide/lipid ratios.
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originated from β-sheets. Thus the transition from anti-parallel β-
sheets to α-helices was observed by two independent means and the
folding into β-sheets was largely reversible. This event was solely
controlled by peptide to lipid ratios in a thermodynamic manner and
not by a history dependent process. Note that the absence of
directionality in membrane insertion of the peptide in the system
used here leads to the formation of energetically more stable anti-
parallel β-sheets.
We also determined the orientation of membrane peptides from
polarized ATR spectra [13,27]. The values thus obtained reﬂected the
angle of the carbonyl groups that is the peptide backbone. In Fig. 1
polarized ATR spectra are given for VAMPTM22 in DOPC multibilayers
at a 1/200 ratio (α-helix) and at a 1/50 ratio (β-sheets). Analysis of the
ratio of p and s polarization showed that the α-helix is oriented at
about 35° from the normal of the multibilayer whereas the average
orientation of the β-sheet plane was about 54°. The observed angles
indicated that the extremely hydrophobic peptides were located
within the multibilayers as they are unable to leave the membrane
and to enter the aqueous phase at the observed angle.
Dichroic ratios for CH2 at 2850 cm−1 reﬂect the acyl chains
orientation (R=1 for orientation perfectly perpendicular to mem-
brane, R=2 for isotropic orientation). It should be emphasized that
the observed ratio was 1.48 at 1/200 peptide/lipid ratio but amounted
to 1.87 at 1/50 peptide/lipid ratio (see Fig. 1F and G). This pronounced
difference reﬂects an increased disorder of the acyl chains. In contrast,
the ratio of the C=Oester bands of the lipid glycerols at 1730 cm−1 are
representative of lipid head groups. Interestingly, the latter did not
change considerably between 1/200 and 1/50 peptide/lipid ratios
(from R=1.71 to R=1.84, see Fig. 1). The observed values and the factFig. 2. Concentration-dependant conformation of the transmembrane domain of VAMPTM
different peptide/lipid ratios (A to C; 1/300 to 1/50); p polarizations (p, continuous line) an
different peptide/lipid ratios. E and F: spectra of CH2 bands at different peptide/lipid ratios.that the ratio at 1730 cm−1 was not strongly altered by the presence of
peptides indicated that even at a high peptide concentration used the
phospholipid headgroups in the multibilayer system were still
oriented on the crystal and thus remained intact.
A very similar structural change from α-helix to anti-parallel β-
sheet at the same peptide to lipid ratio was observed with VAMPTM22
in DMPC (see Fig. 2). As for DOPC, the observed dichroic ratio of the
ester carbonyl bands of the lipid glycerols did not vary signiﬁcantly
with the peptide/lipid ratio. Again, upon dilution of the preparation
from a 1/50 to a 1/200 peptide/lipid ratio, the percentage of β-sheets
decreased from 88 to 44 %, whereas the content of α-helices increased
from 11 to 55 %.
To further ascertain the speciﬁcity of our ﬁndings we also
investigated the behavior of an unrelated protein using the trans-
membrane domain of the tyrosine kinase receptor c-erb2/neu. This
peptide exhibits mainly α-helical structure and but no β-sheet in
DMPC/DCPC bicelles (75%/25%) at a 1/200 or 1/300 peptide lipid ratio
according to published data obtained by CD and NMR [28,29].
Employing ATR and at the ratios used here (1/50 and 1/200) we
observed approximately 9% of β-sheet structure in both cases
(accuracyb10%). This amount did not vary with peptide/lipid ratios
(Supplementary Fig. 2). These ﬁndings further highlight the speciﬁcity
of the ratio dependent transitions observed in VAMPTM22.
3.2. VAMPTM22 structures studied by molecular dynamics modeling
To obtain further information on the structure of VAMPTM22, the
peptide embedded in a DMPC bilayer was submitted to an 18 ns
molecular dynamics run at constant pressure. The peptide structured
as an α-helix was initially positioned perfectly perpendicular to the22 in DMPC multibilayers. ATR–IR spectra of VAMPTM22 in DMPC lipid multibilayer at
d s polarizations (s, dotted line) are given. D: relative percentages of main structures at
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initially not span the entire bilayer, it remained stably inserted in the
membrane throughout the calculation. After 18 ns the orientation of
the peptide reached a ﬂuctuating equilibriumwith an average value of
20±5° as determined by the tilt of the α carbon (Cα) to the bilayer
normal (see Fig. 3B and A, right panel). As the experimentally
determined angle using ATR (see Fig. 1) reﬂects the mean tilt of the
carbonyl groups (C=0), we also took this latter angle into account in
dynamic modeling. Indeed, in regard to the carbonyl groups, the
observed angle increased to a mean value of 27.5±2.5° and reached a
maximal value of 33° in molecular dynamics in close agreement with
the data obtained by ATR. Note that in either case initial values at time
0 amount already to 5° for Cα and 17.5° for C=0, as the energy of the
system was minimized for 2 ns in a pre-equilibration step. To gain
insight into the type of helix, the distances corresponding to hydrogen
bonds between residues i and i+3 (helix 310), i+4 (helix α and i
+5 (helix π) were checked. As given in Fig. 3C, the shortest distance is
always found on average between residues i and i+4 during the
whole simulation. In this case, the distance is inferior or equal to 2.2 Å,
i.e. the whole structure remains in an almost perfect α-helix. Slightly
larger values were apparent for residues 7 and 11 which differed,
however, only by 0.3 Å. Only for the last residue, amino acid 19, the
distance was shorter for i+3 than for i+4 and this C-terminal part
may eventually be involved in a 310 helix. Evolution of these three
distances versus time for each residue of VAMPTM22 clearly indicates
that in membranes, the α-helix exhibits a high stability within the
examined time frame (see example of Met-1 in Fig. 3D). Note that the
time span and the dimension of the calculated system used do notFig. 3. Conformational behavior of VAMPTM22 in molecular dynamics simulations. A: snapsho
bilayer before and after 18 ns of simulation. The C-termini are orientated to the bottom. B: a
carbonyl groups (C=O) versus time. C: hydrogen bonding patterns for backbone of residu
hydrogen bonding for residue MET-1 as an example.allow observing helix-to-sheet transitions in membranes or to
simulate lipid behavior in the presence of parallel or anti-parallel β-
sheets.
3.3. Conformations of VAMPTM22 incorporated in small unilamellar
vesicles (SUV)
The SNARE protein VAMP is mainly found in vesicles. To see
whether the difference in geometry between highly curved vesicular
and planar bilayers may account for our observations, structural
studies were performed also for peptides incorporated into SUVs kept
in solution. These vesicles containing a single bilayer made of
dimyristoyl-phosphocholine and the peptide were highly monodis-
persive with a diameter of 40±10 nm. In Fig. 4, the ratios of different
structures of VAMPTM22 in vesicles after deconvolution of IR (infrared)
and CD (circular dichroism) spectra are given (for original spectra,
please see Supplementary Figs. 3 and 4). CD and IR showed a similar
tendency on the structural variations, namely increase in β sheets and
decrease in α-helix upon increasing the peptide/lipid ratio. Thus,
transition between α-helix and β-sheet, as observed previously in
multibilayers, was also present in vesicles. The relative difference in
proportions of α-helices present between CD and IR spectra may be
due to proximity of signals provided by helices and unstructured
sequences in IR spectra. This proximity of the signals impedes
complete deconvolution and thus, the relative amount of α-helices
may be overestimated (IR spectrum, see Supplementary Fig. 2). The
folding of VAMPTM22 in such a highly hydrated system also conﬁrmed
that the peptides were incorporated readily into the lipid layer, sincets of the simulated system for VAMPTM22 (in α-helix conformation) inserted in a DMPC
ngle between the long axis of the helix and the bilayer normal (Cα) or the mean of the
es 1–19 at 12 ns. Average values of distances are given. D: time evolution of backbone
Fig. 4. α-Helix to β-sheet transition of VAMPTM22 in small unilamellar vesicles (DMPC).
The structure of VAMPTM22 inserted into small unilamellar vesicles was determined by
circular dichroism (CD, left panel) or FTIR spectroscopy (IR, right panel) at indicated
peptide/lipid ratios.
Table 1
Summary of VAMPTM22 and SYNTM23 structures (α-helices, β-sheets) and their
transition in multibilayers or SUVs made of different lipids.
Peptide Multibilayers
(ATR–IR)
SUV (circular
dichroism)
DMPC DPPC DOPC DMPC DPPC
VAMP β /α1 88/11 nd 76/11 83/3 –
β /α2 41/59 nd 16/72 27/19 nd
Conversion from β to α Y – Y – –
SYN β /α1 13/71 52/25 36/21 21/40 23/10
β /α2 16/45 22/46 21/41 19/38 14/39
Conversion from β to α N Y Y – –
N, no conversion observed; Y, conversion observed; nd, not determine.
1 In percentage of structure at the highest peptide/lipid ratio tested (1/20 to 1/50, see
corresponding ﬁgures).
2 Percentage of structure at the lowest peptide/lipid ratio tested (see corresponding
ﬁgures).
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the bilayers will simply precipitate.
3.4. The conformation of SYNTM23 in lipid layers depends also on the
peptide/lipid ratio
We next investigated whether the transmembrane domain of the
cognate SNARE protein, syntaxin 1, behaves similar as VAMPTM22 in
planar lipid layers. ATR spectroscopy of SYNTM23 incorporated into
DOPC (C18) layers revealed again the increase in β-sheets at high
peptide/lipid ratio (Fig. 5, A–C and E). Similar to VAMPTM22, SYNTM23
was inserted at an angle of approximately 50° in the case of β-sheets as
indicated by the ratio of p and s polarization. Interestingly, α-helicesFig. 5. Concentration-dependant conformation of the transmembrane domain of syntaxin 1, S
(A), 1/100 (B) or 1/50 (C); p polarizations (p, continuous line) and s polarizations (s, dotted l
line) were subsequently diluted in situ to a 1/200 peptide/lipid ratio (dotted line). E: relative
bands at different peptide/lipid ratios.changed their angle from 0° at a 1/50 peptide/lipid ratio to
approximately 35° at 1/200 peptide/lipid ratio. Similar to VAMPTM22,
β-sheets converted to α-helices upon dilution with lipids (Fig. 5D).
Dichroic ratios at 2850 cm−1 (CH2 of the alkyl chains of the
phospholipids) increased from 1.74 at 1/200 peptide/lipid ratio to
2.05 at 1/50 peptide/lipid ratio (see Fig. 5F and G), and R at 1730 cm−1
(C=O) increased from 1.7 to 2.2. This indicated that the orientation of
both, acyl chains as well as polar head groups, were highly perturbed
by the β-sheets of SYNTM23. The same experiment was also performed
using DPPC (C16), a shorter and more rigid lipid when kept at room
temperature. As observed for DOPC, β-sheets were preponderant at a
1/50 peptide/lipid ratio and diminished from 50% to 25% at a 1:250
peptide/lipid concentration, whereas the contrarywas observed forα-
helices (see Supplementary Fig. 5 and Table 1). In DPPC, however, β-
sheets did not convert toα-helices upon dilutionwith lipids even afterYNTM23 in DOPCmutibilayers. ATR–IR spectra of SYNTM23 at a peptide/lipid ratio of 1/200
ine) are given. D: ATR–IR spectra of multibilayers at 1/50 peptide/lipid ratio (continuous
percentages of main structures at different peptide/lipid ratios. F and G: spectra of CH2
Fig. 6. α-Helix to β-sheet transition of the syntaxin 1 transmembrane peptide SYNTM23
in small unilamellar vesicles made of DPPC as determined by circular dichroism at
indicated peptide/lipid ratios.
Fig. 7. Schematic illustration of the structural transition between α-helical structure
and β-sheet assemblies as a function of peptide to lipid ratios. The transmembrane
peptide VAMPTM22 or SYNTM23 is initially present as an α-helix (a) and upon an
increase in the peptide to lipid ratio (b) the peptides reversibly fold into β-sheets (c).
The β-sheets are anti-parallel (1) as the peptide does not contain any directional
information in contrast to the full-length protein (see also Discussion) (2). The
conformational transition may disturb the geometry of the lipid bilayer and thus
promote membrane fusion.
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DMPC (C14), SYNTM23 remained mainly α-helical at the different
peptide/lipid ratios employed and structural transition was not
observed (see Supplementary Fig. 6 and Table 1). These ﬁndings
suggest that a minimal membrane thickness is required for structural
transition of the peptide.
Finally we incorporated SYNTM23 in SUVsmade of DPPC or of DMPC
to test whether the geometry of the lipid layer inﬂuences the behavior
of the peptide (Fig. 6). While in SUVs made of DMPC, SYNTM23 was
mainly α-helical regardless of the peptide/lipid ratio, in SUVs made of
DPPC the amount of α-helices decreased at higher peptide/lipid ratio
with an increasing appearance of β-sheets. These observations
corroborate the results obtained in multibilayer systems.
4. Discussion
The structure and dynamics of transmembrane domains are still
scarcely known. Our data now clearly demonstrate a different
propensity of the transmembrane domain peptides VAMPTM22 and
SYNTM23 to adopt α-helical or β-sheet conformation depending solely
on the concentration of surrounding lipids (see Fig. 7). This switch
between conformations was dynamic and largely reversible for the
transmembrane domains of both SNARE proteins. This observation
presents a major ﬁnding that is not only of interest for SNARE proteins
but also of more general importance since previously observed
transitions from α-helix to β-sheets were irreversible in lipid layers
[13]. Whilst the presence of α-helical and β-sheet structures in
membranes have already been reported for a transmembrane domain
of VAMP [30,31], in this studies, helices were found mainly perpendi-
cular to themembrane plane. The differencemay be due to the addition
of several charged residues on both ends of a shorter transmembrane
segment, which compress the membrane. The work of Hofmann et al.
[32] indicated that conversion of sheets to helices is possible at least for
syntheticmodel peptides containingonly Leu andVal and usingorganic
solvents. Our ﬁndings now demonstrate the transition from β-sheets to
α-helices for biological peptides in lipid layers.
Several arguments allow us to conclude that the observed behavior
did not represent simple aggregation and, most importantly, took
place within the membranes. The transition was observed in two
different reconstituted membrane systems, i.e. multibilayers and
vesicles. In both cases, perturbation of lipid membranes was observed
concomitant with the α-helical and β-sheet structural transition of
the peptides. While the perturbation on the lipid organization for
VAMPTM22/lipid systems was localized to the hydrophobic chain area,
the lipids surrounding the SYNTM23 peptides showed strong perturba-
tion both at headgroups and hydrophobic chains as the peptide
exhibited transition to β-sheets. It should be noted that membrane
disturbance by syntaxin has been reported previously as the protein
rendered proteoliposomes leaky when incorporated at high concen-trations [33]. Part of the spectroscopic signals observed here could in
theory stem from peptides present in the aqueous phase. However,
this possibility can be discarded in view of their extremely hydro-
phobic nature as evidenced also by our initial attempts to solubilize
the synthetic peptide. The absence of any apparent amphiphilicity also
precludes its accumulation at the interface between the hydrophobic
membrane core and the phospholipid head groups. Moreover, the
inclination to the membrane normal of 35° and 54° observed for α-
helix and β-sheets, respectively, further excludes their aggregation at
awater/lipid interface or their presence in the polar phase. This notion
is also supported by our molecular simulation as α-helix and the
reported values for the α-helical conformation of the VAMP and
syntaxin transmembrane domain obtained by electron paramagnetic
resonance [34–36]. The orientation of β-sheets at 54° requires some
considerations. At this “magic angle” the distinction between random
orientation and the 54° orientation cannot be readily made. However,
in the absence of a hairpin turn as discussed in the Results section,
these anti-parallel β-sheets of 22 or 23 amino acids in extended
conformation measure 7 nm, almost twice the membrane thickness.
Taking into account that the lipid membranes are oriented parallel to
the ATR crystal surface and that these extremely hydrophobic
peptides should be completely embedded in membranes, only an
orientation of peptides at an angle of 54° is compatible with the R
value obtained for β-sheets.
The β-sheets observed here were present in anti-parallel con-
formation according to the signal at ∼1695 cm−1 whereas the
transmembrane domains of the full-length protein should be oriented
parallel in their natural cellular environment. The assignment of the
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recently [26]. It should be noted that the peptides lack directional
information in a symmetrical model membrane system due to the
absence of cytosolic protein domains. The observed behavior is
reminiscent of the HIV1 fusion peptide FP16 which forms anti-parallel
β-sheets but adopts a parallel organization when stabilized by
adjacent domains [13,21]. Indeed, a conformational change from α-
helices to parallel β-sheets upon increasing peptide/lipid ratio has also
been observed for the full-length VAMP1 protein (Yassine, W.,
Milochau, A. Buchoux, S., Lang, J., Desbat, B., and Oda, R, unpublished).
Our study revealed several peptide and lipid parameters impli-
cated in structural dynamics (see Table 1). Interestingly, structures
and transitions of syntaxin peptide SYNTM23 were sensitive to the lipid
structure independent from charges of lipid headgroups. Transition
from α-helices to β-sheets occurred in bilayers made of DPPC (∼42 Å
thickness for gel phase and ∼40 Å for ﬂuid phase) and DOPC bilayers
(∼41.5 Å, ﬂuid phase) at a high protein/lipid ratio, whereas mainly α-
helices were present in DMPC (∼36 Å, ﬂuid phase). Clearly, minimal
membrane thickness is required to permit arrangement of peptides in
β-sheets. Moreover, membrane ﬂuidity seems to be important for
reversible structural transitions of SYNTM23 which was observed in
DOPC (ﬂuid at room temperature), but not in DPPC (gel phase at room
temperature). Finally, the length of the peptide may constitute an
important factor determining its capacity to convert from one
structure to another. In contrast to SYNTM23, VAMPTM22 has one
amino acid less and exhibited reversible transition in both DOPC and
DMPC. These results indicate differences in the structural ﬂexibility of
the two SNARE proteins. As biological membranes vary in their
thickness according to their composition in speciﬁc lipids, the
behavior of these transmembrane domains may differ according to
their subcellular localization or presence in subdomains.
What may be the driving force of helix-to-sheet transition in the
transmembrane domain? A partial explanationmay reside in the large
dipole moment present in long α-helices [37]. As parallel helices are
brought in close vicinity, repulsion of the dipoles becomes important.
This may especially apply to the full-length protein as it cannot adopt
an anti-parallel conﬁguration due to its large polar cytosolic domain.
Moreover, tilting the helices at angles approaching 90° in a cross-like
fashion could relieve the repulsive forces, but would be highly
unfavorable due to the large constraint imposed on the ordered lipid
environment. In contrast, transition to β-sheet conﬁguration will
abolish the dipole and thus stabilize the transmembrane domain
when present at high concentrations in lipid membranes.
The results of molecular dynamicsmodeling presented here clearly
conﬁrms that VAMPTM22 can perdure as a pure α-helical structure at
low protein concentration and span the membrane despite its rather
short length. Note that time and space constraints do currently not
permit more extensive modeling such as helix-to-sheet conversions in
membranes or dynamics of β-sheets. The observed membrane
spanning is in contrast to the amyloidal Aβ40 peptide that moves out
of a DMPC bilayer during 10 ns of simulation [38]. Using EPR, a turn
within the second half of the transmembrane domain had been
reported for transmembrane structure of the yeast VAMP homolog
Snc2p [34]. We have not observed the presence of a turn in our
simulations and this structure may represent a particularity of yeast
Snc2p as it contains a proline in position 109 that is absent from
mammalian VAMP. More recently an ATR–FTIR study of VAMP74–116,
which encompasses the transmembrane domain and 21 cytosolic
residues, reported the presence of mainlyα-helical structures inclined
at 36° in DMPC membranes. However, when inserted to membranes
made of POPC, α-helical structures were still observed, but inclined at
55° to the membrane normal [39]. The absence of β-sheets may be
caused by the use of highly dehydrated membranes in the former
study. The 55° tilt observedwith POPC ismore surprising as the 3.3 nm
long α-helical hydrophobic structure should already be buried to a
large extent in the membrane at an angle around 30° as reportedpreviously using EPR [34] and observed here by ATR and by molecular
simulation.
It is tempting to speculate whether the observed dynamic transition
might play a role during membrane fusion. Replacement of the
transmembrane domain by lipid anchors inhibits SNARE-driven
membrane fusion and may imply a role for this domain in mixing of
thedistal leaﬂets of the opposingmembranes [5]. Synaptic vesicles carry
up to 70 copies of VAMP [18] resulting in a protein/lipid ratio of ∼1/65
and recently described clusters of syntaxin exhibit an even higher
protein/lipid ratio [40]. Such a high protein/lipid ratio is not rare at
specialized subcellular sites [41]. Numerous studies have shown, that
transmembrane domains generally remain in anα-helical conformation
at such peptide/lipid ratios including the peptide neu/erb as shown here
[13,19–21]. Proteins such as the HIV fusion peptide, that easily and
irreversibly folds into β-sheets [21], probably remain an exception
underscoring the speciﬁc nature of structural transitions in the SNARE
protein transmembrane domain. A reversible transition to β-sheets in
the SNARE transmembrane domain could be induced during pre-fusion
in cellular systems by a local increase in protein concentration in the
vesicle membrane facing the plasma membrane. The ensuing repulsive
dipole moment of α-helices could further drive structural transition to
β-sheets in cellular systems asobserved here formodelmembranes (see
Fig. 7). This local increase in peptide concentrationmay be driven by the
formation of SNARE complexes as they act probably as multimers
although estimates of the precise number involved vary depending on
the techniques used [35,42,43]. Recently it has been proposed that
oligomerisation of SNAREs via transmembrane domains may recruit
these proteins into the supramolecular complex spanning the apposed
membranes [35]. The presence of β-sheets in transmembrane domains
has been shown to correlate with fusogenicity in model membranes
[32,44]. Although we do not know, whether the structures and their
dynamics observed here just mirror conformational ﬂexibility or
correspond to a true conversion in biological membranes, the assembly
of 7 nm long β-sheets, orientated at 54° to the membrane normal, may
eventually disturb the arrangement of phospholipid membranes and
thereby enhance the fusion process.
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